SUMMARY Responses of isolated adult rat heart cells to conditions that emphasize various aspects of ischemia have been evaluated. Cells maintained in hypoxic media with limited gubstrate deteriorate mort rapidly than aerobic controls supplemented with glucose. Two distinct irreversible pathways for cell alteration can be distinguished as follows: (1) continued anaerobic aging in the absence of glucose results in the production of large numbers of cells which retain the rod-shaped morphology of heart cells in situ, but which have lost saxcolemmal integrity, and (2) after a period of anaerobic aging, reaeration of the cells produces large numbers of rounded cells in irreversible contracture. These cells maintain an intact sarcolemma and are indistinguishable from those produced by addition of 1 mM Ca 1+ to Na + -loaded, aerobic cells. Contracture of isolated cells on re-aeration is at least superficially analogous to the oxygen paradox in situ, but since the isolated cells maintain an intact sarcolemma, there is no loss of creatine phosphokinase or other components of the cytosol. Incubation of isolated heart cells at acid pH (pH 8.8 to 6.2) largely prevents both Ca I+ -dependent contracture and a Ca 1+ -dependent loss of respiratory capacity. The acidic conditions virtually eliminate the net influx of "Ca 1 * into isolated cells that occurs at neutral pH, and the inhibition appears to be localized at the sarcolemma.
MYOCARDIAL ischemia can be described in terms of (1) a vascular component that determines which cells are affected, the extent of perfusion of affected areas, and other such factors and (2) the response of heart cells to the altered perfusion conditions. A preparation of isolated adult heart cells would appear to offer a number of experimental advantages in assessing the cellular response to the complex and interrelated factors associated with ischemia, hypoxia, and acidosis. Suspensions of isolated contractile cells can be incubated under controlled conditions that eliminate variables imposed by the vascular anatomy and other perfusion factors in intact heart tissue. These cell suspensions can be sampled serially so that the time course of cellular response to the various vectors of damage associated with ischemia and other pathological conditions can be determined. In addition, methodology analogous to that developed for hepatocytes (Zuurendonk and Tager, 1974 ) is available to examine intracellular compartmentation of metabolites and mitochondrial function in such heart cell preparations (see also Soboll et al., 1979) .
At the same time, the available preparations of isolated heart cells present a number of problems that must be overcome in order to make them useful in pathophysiological protocols. For example, the abnormal hypersensitivity to Ca 2+ seen in many heart cell preparations (cf. Nag et al., 1977; Farmer et al., 1977; Altschuld et al., 1980) suggests that significant alterations may have been introduced by the process of enzymatic disaggregation of the cells. However, we have recently reported that preparations of Ca 2+ -hypersensitive cells in which the sarcolemma is intact can be made Ca 2+ -tolerant when physiological Na + /K + ratios are restored by a preincubation step in the absence of Ca 2+ (Altschuld et al., 1981) . This observation strongly suggests that the Ca 2+ binding and transport components of the cells have not been damaged irreversibly by the preparation procedures and that the Ca 2+ sensitivity is a consequence of the abnormal Na + content of these preparations.
In addition, it is clearly difficult to establish with any degree of confidence that a population of isolated cells can be exposed to conditions equivalent to those of cells in ischemic areas in situ. However, the strength of isolated heart cell protocols lies not with being able to replicate ischemia, but with the ability to isolate certain aspects of the process experimentally. The present communication reports a study of the viability, morphology, and metabolic properties of isolated heart cells subjected to hypoxia, limited substrate availability, re-aeration, and acidosis. Two pathways for cell deterioration can be distinguished, the first a loss of sarcolemmal integrity which is associated with prolonged incubation under anaerobic conditions, and the second an irreversible contracture which is produced on reaeration of anoxic cells. In addition, it is concluded that acidic incubation conditions afford isolated VOL.49, No. 2, AUGUST 1981 cells considerable protection against Ca^-dependent deterioration.
Methods

Preparation of Heart Cells
Isolated adult rat heart cells were prepared by collagenase perfusion as previously described (Altschuld et al., 1980; preparation I) . Unless otherwise indicated, the cells were suspended in and all incubations were carried out in nominally Ca 2+ -free Krebs-Ringer-phosphate buffer containing Na + (150 HIM), K + (6 HIM), chloride (120 mM), phosphate (17 mM), MgSO< (1.2 HIM), glucose (11 mM), and bovine serum albumin (BSA, 20 mg/ml), pH 7.4. The BSA used was Miles Laboratories Pentex Fraction V, and individual lots were screened empirically for cytotoxicity prior to use.
Electron Microscopy
Cells were fixed in 2% glutaraldehyde in 0.1 M Na + phosphate buffer containing 1% sucrose for 20 minutes at 0° and then washed 3 times in phosphate buffer, post-fixed in osmium tetroxide (4%), dehydrated in ethanol-propylene oxide, and embedded in Axaldite 502. Thin sections were stained with uranyl acetate-lead citrate and examined in a Phillips 300 microscope.
Cell Counting
Four fields of 1 mm 2 were counted in a hemocytometer (about 400 cells/count) to determine the percentage that was viable by trypan blue (0.3%) exclusion. In each case, the percentage of cells with rod-like morphology (typical of heart cells in situ), those that have lost this shape and rounded up, and those that showed spontaneous contractile activity, were recorded. Where indicated, cells were fixed with a drop of 2% glutaraldehyde (Haworth et al., 1980) , prior to counting.
Incubation of Cells
Aerobic incubations were carried out for various periods of time with 5 mg of cell protein/ml in Krebs-Ringer-phosphate buffer (composition given above) containing glucose (11 mM) and BSA. Cell suspensions were shaken gently at 37°C in Nalgene beakers in a water bath under an O 2 atmosphere. For hypoxic incubation, N2 was substituted for O2. Anaerobic incubations were carried out in siliconized, glass-stoppered Erlenmeyer flasks gassed with nitrogen. Where indicated, the pH was adjusted downward to as low as pH 6.2 by addition of either HC1 or lactic acid. To expose cells to conditions more closely approximating those encountered by cells in ischemic myocardium, the following protocol was followed: cells were allowed to settle at room temperature into a loose pellet and resuspended in glucose-free buffer. The process was repeated and the resulting concentrated slurry of cells (ca 30 mg/ml) was then incubated in a N2 atmosphere in a Nalgene test tube with gentle agitation. Subsequent tests were carried out in these cells resuspended in N 2 -equilibrated, glucose-free buffer (5 mg of cell protein/ml).
Analytical
Protein was determined by a biuret procedure (Gornall et al., 1949) . Viability of cells by succinate exclusion was estimated as described by Farmer et al. (1977) . Lactic acid production and lactic dehydrogenase activity were estimated according to the method of Bergmeyer (1974) . Intracellular pH was determined by distribution of H C-5,5-dimethyl-2,4-oxazolidinedione (DMO) (Addanki et al., 1968) . Respiration was determined using a YSI oxygen electrode on cell suspensions (1 mg protein/ml) at 30°C. Cells were treated with ADP (1 mM) and lysed with digitonin (16 /ig/mg protein) to elicit maximum respiration with added mitochondrial substrates (pyruvate, glutamate, succinate, 10 mM each; malate, 2 mM; palmitoyl carnitine, 30 /IM). Rotenone (2.7 ftg/ml) was also present when succinate oxidation was measured. Na + and K + were estimated by atomic absorption spectroscopy after simultaneous isolation and extraction of the cells as described by McCune and Harris (1979) .
Net Uptake of
4B Ca I+ Cells were suspended (5 mg protein/ml) in KrebsRinger-phosphate containing glucose and BSA (see above). The temperature was maintained at 30°C and pH adjusted as indicated by the addition of lactic acid. Where indicated cells were preincubated for 10 minutes in the absence of Ca 2+ (Altschuld et al, 1980) , 45 
Ca
2+ was added (1 mM, 300 dpm/nmol) and incubation continued in an O 2 atmosphere. At the indicated times, triplicate samples of 0.5 ml each were simultaneously isolated and denatured using layers of 0.2 M sucrose, bromododecane, and 2 M perchloric acid (McCune and Harris, 1979 ). The acid extracts were then counted in Aquasol in a liquid scintillation counter.
Adenine Nucleotide Determination
For the determination of adenine nucleotides, heart cells were centrifuged into perchloric acid through bromododecane (McCune and Harris, 1979) . The resulting acid extracts were neutralized with 0.2 M triethanolamine buffer containing 2 M K2CO3. Samples (50 jul) were separated by HPLC using an Altex ion pairing column essentially as described by Juengling and Kammermeire (1979) and the peaks integrated with an Altex/Shimadzu C-RIA integrator.
Results
Properties of Isolated Heart Cells
The heart cell preparations used in these studies contain 65% or more viable rod-shaped cells. Electron micrographs show that the morphology of these cells closely resembles that of heart cells in situ and of similar preparations already reported (Farmer et al, 1977; Nag et al., 1977; Carlson et al., 1978; Clark et al., 1978; Powell et al., 1978; Fry et al., 1979; Moses and Kasten, 1979; Nag and Zak, 1979; Bishop and Drummond, 1979; Vahouny et al., 1979) . About 10% of the cells in these preparations are viable but rounded with the myofibrils in contracture. The sarcolemma of these viable, round cells is distended in large blebs often containing mitochondria which have been extruded to the outside by contracture (cf. Nag et al., 1977; Moses and Kasten, 1979) . The remaining 20-25% of the cell population contains nonviable round cells in various stages of deterioration. These cell types are readily distinguished and quantified in the light microscope (see Nag et al., 1977, for example) .
Viability by trypan blue exclusion can be equated to intactness of the sarcolemma and correlates well with viability as determined by succinate exclusion (Farmer et al., 1977) and by retention of lactic dehydrogenase. Preparations that were 83 ± 4% (n = 19) viable by trypan blue exclusion showed 77 ± 8% (n = 12) viability by succinate exclusion and 83 ± 2% (n = 14) for lactate dehydrogenase retention (means ± SD).
These cells contain high levels of Na + and beat spontaneously when first isolated. As previously reported, after about 10 minutes of incubation at 30°C, these cells re-establish more normal Na + /K + ratios, become quiescent, and are considerably less Ca 2+ -sensitive (Altschuld et al., 1980) . The freshly isolated rod-cells can be converted almost completely to viable round forms by exposure to 1 mM Ca 2+ (Table 1; cf Altschuld et al., 1980) . The Ca 2+ -dependent conversion of rod-cells to viable, round forms is partially sensitive to rotenone (Table 1) and other inhibitors of mitochondrial respiration. Rotenone also decreases the net uptake of '"'Ca 2 * by these cells (Table 1 ). In addition to excluding trypan blue, these viable round cells retain lactic dehydrogenase and adenine nucleotides, and contain Na + /K + ATPase activity. For example, a typ- "Ca J " uptake (ng ion/rag) 20 ± 2 13 ± 1
Freshly isolated heart cells (high Na*/K* cells) were exposed to Ca 1 * (1 mM) without prior incubation in Krebs-Ringer-phosphate containing glucose in an aerobic medium. The rotenone concentration was 8 /i£/ml. The cells were challenged with trypan blue, filed with glutaraldehyde, and counted as described in the Methods section. Cell counts are the mean (±SD) for five separate cell preparations. The conversion of rod cella to viable round forms ia nearly complete in 2 minutes at 30 °C, and the proportion of the cells in each form remains essentially constant for 5-10 minutes. As noted previously (Altschuld et al., 1980) , there is some loss in viability of the cell population associated with Ca" treatment. The net *°Ca 2 * uptake in 5 minutes at 30°C was estimated (see Methods) in parallel incubation* with four of the five preparations. Addition of digitonin to lyse the sarcolemma of freshly isolated cells produces a uniform population of round cells which take up trypan blue. In the presence of the Ca 2+ -chelator EGTA, however, about 50% of the cells treated with digitonin retain their rod-shaped morphology even though they no longer exclude dye. These forms can be contracted quantitatively by addition of excess Ca 2+ and ATP (5 mM). Nonviable rod cells also appear in increasing numbers when cells are exposed to uncouplers Such as 7n-chlorocarbonylcyanidephenylhydrazone (CCP). Incubation for 20 minutes in the presence of 10~4 M CCP increases the percentage of nonviable rod cells from 0 to 25%, for example.
Viability of Heart Cells
When isolated rat heart cells are incubated at 37°C in an O2 atmosphere in a nominally Ca 2+ -free Krebs-Ringer's-phosphate buffer containing 11 mM glucose, there is a gradual decrease in the number of viable cells (Fig. 1) . Viable rod cells decline from 65 to 70% of the total population to about 45% after 2 hours and 40% after 4 hours under these conditions, with a corresponding increase in nonviable round cells (Fig. 1) .
Incubation of heart cells with glucose under anoxic or severely hypoxic conditions (N 2 atmosphere) does not alter the time course of cell viability consistently in protocols such as those in Figure 1 . To obtain conditions more closely approximating those encountered in ischemic tissue, the isolated cells were incubated in a N 2 atmosphere in the absence of added glucose and, in addition, were maintained in a concentrated slurry that minimized the loss of metabolic products (i.e., lactate, H + , Pi, etc.) by dilution in the suspending medium. These incubation conditions (which will be referred to for convenience as "simulated ischemia") resulted in a marked acceleration of the loss of viable rod-cells compared to aerobic incubation (Fig. 1A) . The appearance of nonviable round cells followed nearly the same time course as that of aerobic incubation (Fig. 1C) , and the additional loss in viable rods under these conditions could be accounted for as (1) an increase in nonviable rod-shaped cells (which are rarely seen in aerobic incubations) and (2) preparation. At least some of this variability can be accounted for by the observation that re-aeration (as cells are spread in thin layers on a microscope slide for counting) strongly promotes the formation of viable, round cells. Glutaraldehyde fixation does not affect viability estimates using trypan blue but prevents the conversion of rod cells to round forms upon re-aeration. For this reason, the cells were routinely fixed with glutaraldehyde prior to dilution and counting in most subsequent protocols.
Aerobic incubation of isolated heart cells in the absence of added glucose for 2 hours produces a marked increase in viable, round cells (Table 2 , Experiment 1). This increase is abolished if rotenone is present during the incubation to block respiration, and under these conditions there is a large increase in non-viable, rod cells (Table 2 ). Neither the addition of 100 /iM Ca 2+ or of EGTA to chelate adventitious Ca 2+ (about 30 / UM in these incubations) had a significant effect on this response (data not shown). Heart cells incubated under anoxic conditions (rotenone present) deteriorate with the production of nonviable rod cells in the same way as aerobic cells treated with rotenone (Table 2 ). Reaeration of cells that have been incubated under anoxic conditions for more than 30 minutes produces a marked increase in viable, round cells (Table 2 , experiment 2).
Metabolic Alterations in Heart Cells Incubated under Conditions Simulating Ischemia
Significant declines in the number of viable rod cells are apparent at points as early as 10 minutes, of simulated ischemia ( Fig. 2A) . These morphological changes are accompanied by discernible metabolic alterations, such as a loss of the ability of the cells to respire with pyruvate as substrate when resuspended in an oxygenated medium (Fig. 2B ). There is a decline in cellular respiratory capacity with all substrates tested as a function of either prolonged aerobic incubation or incubation under conditions simulating ischemia (Table 3) , but the deterioration is considerably more pronounced in the latter case. Incubation of heart cells under conditions of simulated ischemia also results in a decreased ATP/ADP ratio (from 3.9 in control cells Isolated heart cells were incubated for the indicated time at 37°C in nominally Ca^-freeKrebs-Ringer-phosphate containing BSA with the addition* indicated. Glucose was omitted from all incubations Aerobic cells were shaken gently in O-tl00%), whereas anaerobic cells were shaken under N3 in glaae-stoppered flaaka. The cells were Fixed with glutaraldehyde before being counted. In experiment 2, the cells designated "re-aerated" were maintained anoxic for 45 minute* and then opened to Oi for 15 minutes The mean (±SD) of four separate incubations for each experiment is tabulated * P < 0 01 compared to control values. 
FIGURE 2 Decline in rod cells (A) and loss of respiration with pyruvate (B) as a function of time of aerobic incubation and of conditions simulating ischemia. Cells from eight different preparations were incubated in nominally Ca 2 * free buffer (see Methods) for the indicated time and cell counts taken. To test pyruvate respiration (B) the cells were diluted into a fresh charge of airequilibrated buffer containing 10 mM pyruvate, ADP (I HIM) was added, and the cells were lysed with digitonin (16 ng/ml) to obtain maximum respiration at 30°C in an oxygen electrode chamber. Respiration was measured within 5 minutes of the cell count.
to 2.6 for aerobic and 1.1 for ischemic cells after 60 minutes in a typical experiment), more extensive loss of the total adenine nucleotide pool (from 6.7 to 3.5 for aerobic and 1.8 nmol/mg protein for ischemic cells after 60 minutes), and higher Na + / K + ratio (1.5 aerobic vs. 7.0 for ischemic cells after 60 minutes). Heart cells were incubated for 60 minutes at 37°C, as In Figure 2 , and the maximum respiration tested as described for pyruvate in Figure 2B . Values tabulated are mean respiration rates (±SD) for 4-6 different cell preparations in ng atom Oj/min per mg protein Values for palnutoyl camitine are the means of two preparations
Viability of Heart Cells-Effect of pH
Decreasing the pH of the suspending medium from 7.4 to 6.2 (by addition of either HC1 or lactic acid) does not alter the ability of aerobic cells to maintain their viability, or their rod configuration significantly, or the time-course of such changes. Cells maintained under simulated ischemic conditions at pH 6.2 also maintain rod shape and viability to the same or greater extent than at pH 7.4. At pH 6.2, there is no increase in viable round cells with conditions simulating ischemia, and all of the differential loss of viable rod cells can be accounted for as an increase in nonviable rod cells (data not tabulated). It appears that the heart cells lose sarcolemmal integrity with prolonged incubation under conditions simulating ischemia at pH 6.2, but that they do not go into contracture on re-aeration with the frequency seen at neutral pH and above. Since there is reason to suspect that the contracture under these conditions may be Ca 2+ -dependent (cf. Table 1 ) and antagonism between Ca 2+ and H + has been reported to occur at the sarcolemmal and other membranes (Williamson et al., 1975) , the effect of acid pH on the response of heart cells to Ca 2+ was investigated.
Ca !+ -Induced Contracture of Heart CellsEffect of Acid pH
Addition of 1 mM Ca 2+ to freshly isolated heart cells at pH 7.4 results in the complete conversion of rod cells to viable, round forms (Fig. 3A) . These viable, round cells deteriorate somewhat more rapidly than rod cells with continued aerobic incubation of pH 7.4 (Fig. 3A vs. 3C ). In contrast, at pH 6.2 there is virtually no conversion of rod cells to round forms in 1 mM Ca 2+ (Fig. 3B) , and Ca 2+ has no effect on the maintenance of viability or retention of rod-shape morphology with continued incubation at this pH for up to 2 hours. As already noted (Altschuld et al., 1980) Figure I. ued incubation in the presence of Ca 2+ , at pH 7.4, but retain rod cell morphology to a much greater extent at pH 6.2 (Fig. 4) .
-dependent alteration of heart cells and on viability in the presence of Ca^. Freshly prepared heart cells (not pre-incubated) were added to buffer of pH 7.4 (A and C) or pH 6.2 (B and D). Where indicated, Ca 2 * (1 mst) was also present. The conditions were otherwise identical to those of
Acid pH also prevents the Ca 2+ -dependent loss of respiration that occurs on continued incubation in the presence of Ca 2+ , such as that shown for glutamate in Figure 5 . This decreased respiratory capacity parallels the conversion of rod cells into round forms in such protocols. It should be noted, however, that viable round cells produced by Ca 2 ' treatment of freshly isolated rod cells (cf. Table 1) retain respiratory capacity (glutamate, succinate, and pyruvate) and acceptor control ratios nearly identical to those of the untreated cells when treated with digitonin and ADP in the presence of a chelator to remove Ca 2+ (conditions of the assay, Fig. 5) . It therefore appears that conversion of rod to round cells is insufficient to affect respiration and that other factors are involved in the time-and Ca 2+ -dependent loss in activity seen in Figure 5 . An explanation for the protective effect of acid pH on the survival and retention of rod-shaped morphology of heart cells is apparent from a study of the net uptake of 45 
Ca
2+ by the cells as a function of pH (Fig. 6) . Net uptake of label is barely discernible at pH 6.6 and below, but becomes large as a function of increasing pH above 7.0 (Fig. 6B) .
At pH 7.0 and above, the net uptake of "Ca 2 * by isolated heart cells appears to be a complex reaction reflecting both influx and efflux across the sarcolemma, mitochondrial uptake (since roughly half of the net cellular increase is abolished by rotenone), and binding or accumulation by contractile elements and the sarcoplasmic reticulum. At pH 7.2, for example, addition of 1 mM Ca 2+ to a pre-incubated suspension of heart cells respiring in the presence of glucose produces a transient doubling of the rate of respiration (Table 4 ). The net uptake of Ca 2+ under these conditions (6 ng ion/mg in 5 
uptake (see Methods) was evaluated at 30° C in freshly isolated (not pre-incubated) cells and is reported as a function of time (A) and as the total net uptake as a function of pH after 30 minutes (B).
minutes) is accompanied by utilization of an additional 21 ng atom of 0 2 /mg in this period of incubation. In contrast, at pH 6.4 there is little net Ca 2+ uptake (0.9 ng ion/mg) and virtually no displacement of respiration rate on addition of Ca 3^ (Table  4) . Ca 2+ also has no effect on glycolysis at pH 6.4 (not shown). In addition, no pH-dependent alteration in 45 
Ca
2+ efflux from previously loaded cells can be detected (data not shown). Taken together, these observations suggest that low pH prevents the entry of extracellular Ca 2+ into these cells at the level of the sarcolemma. The ability of H + to protect cells against Ca 2+ -dependent deterioration is readily reversed by returning the pH to 7.0 or above.
Estimation of intracellular pH by distribution of "C-DMO has established that when the cell suspension is pH 7.08, the intracellular pH is 7.25 ± 0.03 (n = 3). As the pH of the suspension is decreased to 6.57 with lactic acid, intracellular pH becomes 6.82 ± 0.03 (n = 3) and at pH 6.21 external, the internal pH is 6.63 ± 0.01 (n = 3). These measurements establish that the intracellular pH is also declining when external pH is decreased under our incubation conditions, but not as steeply as the 
3
Ca'* uptake (ng ion/rag in 5 min.)
6.2 ± 0.8 0.9 ± 0.2
Heart cells were suspended in air-equilibrated Krebs-Ringer-phosphate containing glucose at the indicated pH for 2 minutes and then challenged with Ca** (1 mM).The initial rate of oxygen uptake on addition of Co 2 * wan determined, as was the total additional Oi uptake of Ca**-trested cells as compared to controls for a 5-rainute incubation period at 30°C. In a parallel experiment, the net accumulation of **Ca 2 " by the same celli was determined (Bee Methods) and the mean ± sv of four determinations is tabulated. extracellular pH drop (see Steenbergen et al., 1977 also) .
Discussion
These studies have established that incubation conditions that reflect several of the salient features of ischemia in vivo (i.e., vanishingly low 0 2 tension, limited substrate availability, and accumulation of metabolic products) produce accelerated morphological and biochemical deterioration of isolated adult rat heart cells. Two different and apparently irreversible pathways for cell degradation can be discerned as outlined in Figure 7 .
The first pathway is a loss of sarcolemmal integrity which occurs on prolonged anaerobic incubation or when respiration is prevented by addition of rotenone (Table 2 ). This type of degradation is also increased by uncouplers and seems to be associated with a low-energy status of the cells. Similar forms are produced by digitonin in the presence of EGTA. The contractile apparatus remains intact in such cells, since most can be made to contract when supplied with exogenous ATP and Ca 2+ . In view of the loss of metabolites and enzymes that accompanies loss of sarcolemmal integrity, it is difficult to envisage circumstances in which these cells could be restored to physiological activity.
The second pathway for deterioration of the cells is a contracture of the cylindrical or rod-shaped cells into round forms that retain an intact sarcolemma (Fig. 7) . These forms are produced in large numbers when (1) Na + -loaded heart cells are challenged with Ca 2+ (Table 1) , (2) when cells that have been anoxic in the absence of glucose for 30 minutes or more are re-aerated (Table 2) 
Non-viable Round Cells
FIGURE 7
Interrelationships between the four cell forms discussed. VOL. 49, No. 2, AUGUST 1981 ( Table 2) . Whereas these cells initially remain viable by all accepted criteria, they are susceptible to mechanical trauma and deteriorate more rapidly than rod cells. The morphological alterations make it unlikely that such cells could resume meaningful contractile activity, even if the initiating events were reversed. The contracture that occurs when anaerobic cells are re-aerated clearly requires respiration and, although direct evidence implicating Ca 2+ as a vector in this process is lacking, the fact that digitonin-lysis of the sarcolemma produces cells in contracture unless EGTA is also present suggests that sufficient Ca 2+ is available from intracellular sources to support contracture.
The production of cells in irreversible contracture as a result of re-aeration of anoxic cells leads to comparisons with the phenomenon of "oxygen paradox" in situ (Hearse et al., 1978; Ganote and Kaltenbach, 1979, for example) . In contrast to the response in vivo which is characterized by extensive release of creatine phosphokinase and other cytosol components, the sarcolemma remains intact in isolated cells in contracture. This would seem to support the contention of Ganote and Kaltenbach (1979) that contracture in cells with damaged points of attachment may result in mechanical rupture of the membrane in situ, and that this contracture rather than any metabolic lesion produces the rapid loss of cytosol components.
Considerable progress has been made in delineating the cellular response to ischemia (see Williamson et aL, 1976; Trump et al., 1976; Jennings, 1976 , for example), and a number of studies have implicated acidosis as a major factor in the loss of myocardial activity that accompanies ischemia (Katz 1973; Williamson et al., 1975; Tsien, 1976; Steenbergen et al., 1977 Steenbergen et al., , 1978 Poole-Wilson, 1978) . However, there have also been reports that acidosis offers a measure of protection against damage produced by reoxygenation following anoxia (Bing et al., 1973) and that of Ca 2+ -paradox (Bielecki, 1969) . A strongly protective effect of acid pH on survival of anoxic suspensions of Ehrlich ascites tumor cells has also been reported (Pentilla and Trump, 1975) .
The present studies clearly point out that acidosis antagonizes Ca 2+ -dependent morphological and biochemical alterations in isolated heart cells. A decrease in the pH of the suspending medium to pH 6.6 or below eliminates Ca 2+ -dependent contracture (Fig. 3) and diminishes the loss of respiratory activity that occurs in the presence of Ca 2+ (Fig. 5) . The low pH medium strongly inhibits net uptake of ^Ca 2 * by the cells (Fig. 6) , and since Ca 2+ produces virtually no dislocation of steady state respiration (Table 4) or glycolysis at pH 6.6 and below, it appears likely that Ca 2+ influx across the sarcolemma is inhibited by H + in the cell suspensions.
An influx of Ca 2+ has been implicated as a common final component in cell death initiated by a variety of toxic factors in hepatocytes (Schanne et al, 1979) and also seems to represent a likely vector for cardiac cell death associated with ischemia (Fleckenstein et al., 1974; Katz and Reuter, 1979) . Recent work has established that calcium channelblocking agents, such as verapamil and nifedipine, offer a measure of protection against myocardial contracture and necrosis accompanying ischemia (cf. Henry et al., 1977; Robb-Nicholson et al., 1978; Katz and Reuter, 1979 ; for example). It seems quite likely that the protective effect of low pH suspending media seen in these studies of Ca~+-treated myocytes is also due to inhibition of influx of Ca 2+ into the cells. Acid conditions have been shown to antagonize Ca 2+ binding to sarcolemmal preparations (Williamson et al., 1975) , to decrease the Ca 2+ component of the action potential in cat hearts (Kohlhardt et al., 1976) , and to decrease Ca 2+ uptake and exchange, along with tension development, in rabbit intraventricular septum (Poole-Wilson and Langer, 1979) . Prevention of excessive Ca 2+ influx by acidosis could therefore provide some degree of protection for heart cells exposed to ischemic conditions in situ.
As pointed out by Katz (1973) , however, such a protective effect of acidosis would be achieved at the expense of cell function, since the evidence is now quite convincing that acidosis strongly antagonizes contractile activity (Williamson et al., 1976; Steenberger et al., 1977; Poole-Wilson, 1978) , intracellular binding and transport of Ca 2+ (Tsien, 1976; Fabiato and Fabiato, 1978) , and glycolytic activity (Neeley et al., 1975; Steenberger et al., 1978) . Each of these responses seems to be affected more by intracellular acidosis than by extracellular pH (Steenberger et al., 1977; Poole-Wilson, 1978; Studer and Borle, 1979) and it should be noted that intracellular pH is higher than that of the suspending medium in our protocols.
These studies lead to the conclusion that suspensions of isolated heart cells may be useful in defining the response of cells in situ to hypoxia, ischemia, and acidosis. The loss of sarcolemmal integrity in rod cells on prolonged anaerobic incubation would appear to provide an analogy for cell death in the anaerobic core of an infarct, whereas the irreversible contracture and morphological dislocations associated with the re-aeration of hypoxic cells (Fig.  7) may be a useful model for the cell contracture associated with oxygen-paradox and Ca 2+ -paradox in situ. However, it is well to keep in mind that the conditions imposed on the isolated cell suspensions may not duplicate these of cells in situ and that isolated cell suspensions suffer from a number of inherent difficulties that must be resolved before information obtained from such studies will be relevant to clinical problems. Some of these difficulties, such as low adenine nucleotide levels, appear to be amenable to solution by variations in the preparation of the cells (see Kao et al., 1980, for example) , whereas problems such as cell heterogeneity and spontaneous deterioration under aerobic conditions may be approached by appropriate corrections (Long et al., 1980) . The apparent potential of isolated cell methodology for the solution of problems of metabolite compartmentation and ion distribution would appear to justify continued attempts to surmount these problems.
